The circadian clock has a profound effect on gene regulation, controlling rhythmic transcript accumulation for up to half of expressed genes in eukaryotes. Evidence also exists for clock control of mRNA translation, but the extent and mechanisms for this regulation are not known. In Neurospora crassa, the circadian clock generates daily rhythms in the activation of conserved mitogen-activated protein kinase (MAPK) pathways when cells are grown in constant conditions, including rhythmic activation of the well-characterized p38 osmosensing (OS) MAPK pathway. Rhythmic phosphorylation of the MAPK OS-2 (P-OS-2) leads to temporal control of downstream targets of OS-2. We show that osmotic stress in N. crassa induced the phosphorylation of a eukaryotic elongation factor-2 (eEF-2) kinase, radiation sensitivity complementing kinase-2 (RCK-2), and that RCK-2 is necessary for high-level phosphorylation of eEF-2, a key regulator of translation elongation. The levels of phosphorylated RCK-2 and phosphorylated eEF-2 cycle in abundance in wild-type cells but not in cells deleted for OS-2 or the core clock component FREQUENCY (FRQ). Translation extracts from cells grown in constant conditions show decreased translational activity in the late subjective morning, coincident with the peak in eEF-2 phosphorylation, and rhythmic translation of glutathione S-transferase (GST-3) from constitutive mRNA levels in vivo is dependent on circadian regulation of eEF-2 activity. In contrast, rhythms in phosphorylated eEF-2 levels are not necessary for rhythms in accumulation of the clock protein FRQ, indicating that clock control of eEF-2 activity promotes rhythmic translation of specific mRNAs.
The circadian clock has a profound effect on gene regulation, controlling rhythmic transcript accumulation for up to half of expressed genes in eukaryotes. Evidence also exists for clock control of mRNA translation, but the extent and mechanisms for this regulation are not known. In Neurospora crassa, the circadian clock generates daily rhythms in the activation of conserved mitogen-activated protein kinase (MAPK) pathways when cells are grown in constant conditions, including rhythmic activation of the well-characterized p38 osmosensing (OS) MAPK pathway. Rhythmic phosphorylation of the MAPK OS-2 (P-OS-2) leads to temporal control of downstream targets of OS-2. We show that osmotic stress in N. crassa induced the phosphorylation of a eukaryotic elongation factor-2 (eEF-2) kinase, radiation sensitivity complementing kinase-2 (RCK-2), and that RCK-2 is necessary for high-level phosphorylation of eEF-2, a key regulator of translation elongation. The levels of phosphorylated RCK-2 and phosphorylated eEF-2 cycle in abundance in wild-type cells but not in cells deleted for OS-2 or the core clock component FREQUENCY (FRQ). Translation extracts from cells grown in constant conditions show decreased translational activity in the late subjective morning, coincident with the peak in eEF-2 phosphorylation, and rhythmic translation of glutathione S-transferase (GST-3) from constitutive mRNA levels in vivo is dependent on circadian regulation of eEF-2 activity. In contrast, rhythms in phosphorylated eEF-2 levels are not necessary for rhythms in accumulation of the clock protein FRQ, indicating that clock control of eEF-2 activity promotes rhythmic translation of specific mRNAs.
circadian clock | eEF-2 | translation | translation elongation | Neurospora crassa C ircadian rhythms are the outward manifestation of an endogenous clock mechanism common to nearly all eukaryotes. Depending on the organism and tissue, nearly half of an organism's expressed genes are under control of the circadian clock at the level of transcription (1) (2) (3) (4) . However, mounting evidence indicates a role for the clock in controlling posttranscriptional mechanisms (5) , including translation initiation (6, 7) , whereas clock control of translation elongation has not been investigated.
The driver of circadian rhythms in Neurospora crassa is an autoregulatory molecular feedback loop composed of the negative elements FREQUENCY (FRQ) and FRQ RNA-interacting helicase (FRH), which inhibit the activity of the positive elements WHITE COLLAR-1 (WC-1) and WC-2 (8-11). WC-1 and WC-2 heterodimerize to form the white collar complex (WCC), which activates transcription of frequency (frq) (8, 12, 13) and activates transcription of a large set of downstream target genes important for overt rhythmicity (2, 14) . One gene directly controlled by the WCC is os-4, which encodes the mitogen-activated protein kinase kinase kinase (MAPKKK) in the osmotically sensitive (OS) MAPK pathway (15) . Rhythmic transcription of os-4 leads to rhythmic accumulation of the phosphorylated active form of the downstream p38-like mitogen-activated protein kinase (MAPK) OS-2 (16) . In Saccharomyces cerevisiae, the homolog of OS-2, Hog1, directly phosphorylates and activates the MAPK-activated protein kinase (MAPKAPK) Rck2 after acute osmotic stress (17, 18) . Activated Rck2 phosphorylates EF-2 and, as a result, represses translation elongation for most mRNAs (19) (20) (21) . Therefore, we hypothesized that circadian clock control of OS-2 activity in N. crassa leads to temporal control of translation elongation through rhythmic activation of RCK-2.
In support of this hypothesis, we show that clock control of OS-2 leads to rhythmic phosphorylation of RCK-2 and eEF-2 in cells grown in constant conditions. Consistent with the peak in phosphorylated eEF-2 during the subjective morning, translation elongation rates are reduced in extracts prepared from cells harvested at this time of the day. Furthermore, clock-controlled translation of GST-3 protein from constitutive mRNA levels in vivo is dependent on rhythmic eEF-2 activity, whereas rhythms in accumulation of FRQ are not dependent on rhythms in phosphorylated eEF-2. Together, these data support clock regulation of translation elongation of specific mRNAs as a mechanism to control rhythmic protein accumulation.
Results
Phosphorylation of RCK-2 Protein Requires OS-2. Total Rck2 kinase levels, and Rck-2 phosphorylation by Hog1, increase following osmotic stress in S. cerevisiae cells (19) . Rck2 then phosphorylates and inactivates EF-2, leading to general repression of translation (19, 22) . To investigate if a similar mechanism exists for regulation of translation in N. crassa, we identified N. crassa RCK-2 and eEF-2 through sequence homology ( Fig. S1 A and  B) . To determine if N. crassa RCK-2 functions in the osmotic stress response pathway, RCK-2 protein levels and phosphorylation state were measured in WT or Δos-2 cells containing a C-terminal hemagglutinin (HA)-tagged RCK-2 protein (RCK-2::HA) grown in the dark for 24 h (DD24) and then subjected to acute
Significance
The circadian clock controls daily rhythms in genes involved in a wide range of biological processes, including signal transduction, cell division, metabolism, and behavior. The primary focus on understanding clock control of gene expression has been at the level of transcription. However, in many systems, there are examples of proteins that accumulate rhythmically from transcripts that are constitutively expressed. These data suggested that the clock regulates translation, but the underlying mechanisms were largely unknown. We show that the clock in Neurospora crassa controls the activity of translation elongation factor-2 (eEF-2) and that regulation of translation elongation leads to rhythmic translation in vitro and in vivo. These studies uncover a mechanism for controlling rhythmic protein accumulation.
osmotic stress. As in yeast, N. crassa RCK-2::HA protein levels increased following osmotic stress, and this induction required OS-2 (Fig. 1A) . Two forms of RCK-2::HA protein were observed by SDS/PAGE in WT cells, but not in Δos-2 cells (Fig.  1A) . Consistent with the idea that the slower migrating form of RCK-2::HA was phosphorylated, the band disappeared when protein extracts were treated with λ-phosphatase but persisted in extracts treated with both λ-phosphatase and phosphatase inhibitors (Fig. 1B) . In yeast, phosphorylated Rck2 is observed in osmotically stressed but not in unstressed cells (19) . In contrast, phosphorylated RCK-2::HA (P-RCK-2) was already present in unstressed N. crassa cells, suggesting that OS-2-dependent phosphorylation of RCK-2 was directed by different input signals to the OS MAPK pathway, possibly signals from the circadian clock.
eEF-2 Phosphorylation Is Regulated by RCK-2. To determine if N. crassa eEF-2 activity is altered following an acute osmotic stress, the levels of phosphorylated eEF-2 (P-eEF-2) were examined using an antibody that recognizes P-eEF-2 phosphorylated at the conserved threonine 56 ( Fig. 2A) . P-eEF-2 levels increased within 5 min of addition of 4% (vol/vol) NaCl to cultures at DD24, whereas total eEF-2 levels, detected using an antibody generated to recognize all forms of eEF-2, were similar in untreated and salt-treated samples. To verify the specificity of the P-eEF-2 antibody, salt-treated samples were incubated with λ-phosphatase (Fig. 2B ). As expected, eEF-2 was not detected with P-eEF-2 antibody in the λ-phosphatase-treated samples but was detected in samples treated with λ-phosphatase plus phosphatase inhibitors.
In S. cerevisiae, Rck-2 directly phosphorylates eEF-2 (19). Immunoprecipitation of N. crassa RCK-2::HA with HA antibody resulted in coimmunoprecipitation of eEF-2 ( Fig. S2 ), suggesting that similar to S. cerevisiae, RCK-2 may directly phosphorylate eEF-2 in response to osmotic stress. Consistent with this idea, P-eEF-2 levels were significantly lower in Δrck-2 cells compared with WT cells following osmotic stress, such that P-eEF-2 levels were reduced up to 80% in Δrck-2 cells subjected to 5 min of salt stress (Figs. 2C and S3A). However, low-level phosphorylation of eEF-2 persisted in the absence of RCK-2, indicating that in addition to RCK-2, other kinase(s) can phosphorylate eEF-2. One possible candidate kinase was the MAPK OS-2. We examined the levels of P-eEF-2 in Δrck-2, Δos-2, and double Δrck-2, Δos-2 mutant cells and found that the levels of P-eEF-2 in Δos-2 and the double Δrck-2, Δos-2 mutant strain were similar to that observed in Δrck-2 cells treated with NaCl for 5 or 15 min (Figs. 2C and S3 B and C). Furthermore, levels of total eEF-2 in Δrck-2, Δos-2, and double Δrck-2, Δos-2 mutant cells were similar to levels in WT cells (Fig. S3 A-C), indicating that unidentified kinases phosphorylate eEF-2 following osmotic stress in the absence of RCK-2 and OS-2.
RCK-2 Phosphorylation Is Regulated by the Circadian Clock. Based on clock control of the OS MAPK pathway (15, 23) and OS-2-dependent phosphorylation of RCK-2 ( Fig. 1) , we predicted that the circadian clock regulates the accumulation of P-RCK-2 in constant environmental conditions. An antibody to detect P-RCK-2 was not available; however, P-RCK-2 could be separated from RCK-2 using PhosTag ( Fig. S4 A and B) . P-RCK-2 levels cycled, and accumulation peaked during the late subjective night (DD28-32) (Fig. 3A) , slightly earlier than the peak accumulation of P-OS-2 (DD32-36) (15, 23) . The earlier peak time in P-RCK-2 levels may be due to experimental error from using 4-h time points or may reflect increased P-OS-2 activity during Osmotic stress-induced phosphorylation of eEF-2 is reduced in Δrck-2 cells. (A) Western blots of protein extracted from WT cells grown in DD24 and treated with 4% (vol/vol) NaCl for the indicated times and probed with phosphospecific eEF-2 antibody (αP-eEF-2) or total eEF-2 antibody (αeEF-2). The film was exposed for 15 s. (B) Western blot of protein from WT cultures grown in DD24 and incubated with 4% (vol/vol) NaCl for the indicated times and given no further treatment (Input), treated with λ-phosphatase (λ-phos), or treated with λ-phosphatase plus phosphatase inhibitors (λ-phos+inh) and probed with αP-eEF-2. The film was exposed for 1.5 s. (C) Plot of eEF-2 levels from WT, Δrck-2, Δos-2, and double mutant Δrck-2, Δos-2 cells grown in DD24 and incubated with 4% (vol/vol) NaCl for the indicated times (mean ± SEM, n = 3). The asterisks indicate a statistical difference (P < 0.05, Student's t test). The Western blots are shown in Fig. S3 . its accumulation. RCK-2 and P-RCK-2 levels were significantly reduced in Δos-2 cells harvested at DD24 (Fig. S4C) . The reduced levels of RCK-2 in Δos-2 cells in the dark suggested that in addition to control of RCK-2 phosphorylation, the OS pathway is necessary for normal expression of RCK-2. This regulation was not further investigated in this study. Consistent with clock regulation of P-RCK-2 levels through the OS pathway, P-RCK-2 accumulation was low and arrhythmic in Δos-2 cells and arrhythmic in Δfrq cells (Fig. 3 B and C and Fig. S4A ).
eEF-2 Phosphorylation Is Regulated by RCK-2 and the Circadian Clock.
RCK-2 is required for normal induction of P-eEF-2 following acute osmotic stress (Fig. 2C) , and the clock controls rhythms in the levels of P-RCK-2 (Fig. 3A) . Therefore, we predicted that eEF-2 phosphorylation would be clock-controlled. Consistent with this idea, the levels of P-eEF-2, but not eEF-2, cycled over the course of the day, with peak P-eEF-2 accumulation in the subjective morning (DD36) (Fig. 4A and Figs. S5 and S6) , slightly lagging the peak in P-RCK-2 levels (Fig. 3A) . This delay may be due to experimental error introduced by using 4-h time points or due to the activity of phosphatases. P-eEF-2 levels fluctuated over time, but circadian rhythmicity was abolished in Δrck-2, Δos-2, and Δfrq cells (Fig. 4 B-D and Fig. S5 ). P-eEF-2 could be detected in both Δrck-2 ( Fig. 4E) and Δos-2 cells (Fig.  S5) in DD, consistent with additional kinases phosphorylating eEF-2. However, P-eEF-2 levels in Δrck-2 cells at DD36 (the time of peak P-eEF-2 levels in WT cells) were low and at levels similar to the trough levels of P-eEF-2 in WT cells at DD24 (Fig.  4E) . Together, these data confirmed that clock signaling through the OS MAPK pathway and RCK-2 are necessary for rhythmic accumulation of P-eEF-2.
The extent of clock control of P-eEF-2 levels was measured by comparing the amount of P-eEF-2 from WT and Δrck-2 cells harvested at the trough (DD24) and peak (DD36) of P-eEF-2 accumulation (Fig. 4E) . A twofold increase in P-eEF-2 was observed at DD36 compared with DD24 in WT cells but not Δrck-2 cells. At DD36, P-eEF-2 levels were reduced by 60% in Δrck-2 cells compared with WT cells, indicating that clock signaling through RCK-2 is responsible for over half of the total amount of P-eEF-2.
The Circadian Clock Controls Translation Elongation Rates in Vitro, and Rhythmic Protein Levels in Vivo, Through Phosphorylation of eEF-2. We predicted that mRNA translation would be highest when P-eEF-2 levels are lowest during the subjective evening (DD24) and lowest when P-eEF-2 accumulation peaks in the subjective morning (DD36) (Fig. 4A) . To test this idea, we examined translation of luciferase (luc) mRNA in cell-free translation extracts isolated from WT and mutant cells harvested at DD24 and DD36. Consistent with this hypothesis, translation of luc mRNA in WT extracts was significantly higher at DD24 than at DD36 (Fig. 5A ). P-eEF-2 levels in Δrck-2 cells at DD24 and DD36 were similar to the trough levels at DD24 in WT cells (Figs. 2C and 4E), Fig. 3 . Rhythmic RCK-2 phosphorylation is regulated by clock signaling through the OS-2 pathway. Shown are plots of levels of phosphorylated RCK-2 protein (P-RCK-2). Protein was extracted from the indicated cultures grown in DD and harvested every 4 h over 2 d (Hrs DD). (A) RCK-2::HA (WT); (B) RCK-2::HA, Δos-2 (Δos-2); (C) RCK-2::HA, Δfrq (Δfrq). P-RCK-2 levels were determined using PhosTag gels (Fig. S4 A and B) . The plots represent the average P-RCK-2 signal normalized to total protein for each genotype and thus do not reflect differences in P-RCK-2 levels in the strains. Rhythmicity of P-RCK-2 in WT cells was determined using F tests of fit of the data to a sine wave (dotted black line; P < 0.0001, n = 4). The levels of P-RCK-2 were arrhythmic in Δos-2 (n = 3) and Δfrq (n = 2) cells as indicated by a better fit of the data to a line (dotted black lines). Fig. S5) . Plots of the data are shown (mean ± SEM, n = 3) and represent the average P-eEF-2 signal normalized to total protein for each genotype as in Fig. 3 . Rhythmicity of P-eEF-2 in WT cells was determined using F tests of fit of the data to a sine wave (dotted black line; P < 0.0001), whereas P-eEF-2 levels were arrhythmic in Δrck-2 (n = 3), Δos-2 (n = 3), and Δfrq (n = 2) cells as indicated by a better fit of the data to a line (dotted black lines). (E) Representative Western blot of protein extracted from the indicated strains grown in DD for 24 and 36 h and probed with αP-eEF-2 and αeEF-2. The film was exposed for 10 s. Amidostained proteins served as loading controls. The data are plotted below (mean ± SEM, n = 3). The asterisks indicate a statistical difference (P < 0.05, Student's t test).
and luc mRNA translation was high in Δrck-2 translation extracts at both times of the day (Fig. 5A) . These data are consistent with (i) reduced P-eEF-2 levels increasing translation extract activity and (ii) the necessity for clock signaling through RCK-2 to observe time-of-day-specific differences in the extracts' capacity to translate luc mRNA. The levels of luc mRNA translation were higher in Δrck-2 cell extracts at both times of the day compared with the peak in WT extracts at DD24, despite finding that the steady-state levels of P-eEF-2 were similar to the WT level at DD24 (Fig. 4E ). This result suggested that RCK-2 regulates additional factors in cells that reduce mRNA translation, possibly by altering levels or activities of ribosomes, tRNAs, or translation factors. The nature of this regulation will be investigated in future studies.
To determine if rhythmic P-eEF-2 levels affect translation elongation rates, we used an N. crassa cell-free translation protocol (24, 25) that accurately reflects protein synthesis in vivo (24, 26) . Firefly luc mRNA was used as the template in the cellfree system to determine the time of first appearance (TFA) of the luminescence signal. TFA is a measure of the time needed for the ribosome to complete protein synthesis and is indicative of translation elongation rate (25, 26) . Changes in translation elongation rates as a function of eEF-2 phosphorylation were examined in cell-free extracts isolated from WT and Δrck-2 cells harvested at the time of peak P-eEF-2 levels in WT cells (DD36). As predicted, TFA was detected earlier in Δrck-2 than in WT extracts (Fig. 5B ), in line with reduced P-eEF-2 levels and increased elongation rates in Δrck-2 cells compared with WT cells. In accordance with increased translation elongation rates in Δrck-2 extracts, the slope of LUC accumulation over time was twofold higher in Δrck-2 extracts compared with WT extracts (Fig. 5B) . To determine TFA under conditions where LUC synthesis rates were overall similar, we examined the consequences of varying the concentration of mRNA used to program extracts. The rate of accumulation of LUC in Δrck-2 was comparable to that of WT when Δrck-2 was programmed with twofold less mRNA than WT (Fig.  5C) . Importantly, the TFA was still earlier than in WT extracts, consistent with an increased elongation rate in Δrck-2 extracts. Similarly, when WT extracts were programmed with twofold more mRNA than Δrck-2 (Fig. 5D) , the accumulation of LUC after TFA correspondingly increased to levels similar to Δrck-2, but TFA was still delayed relative to Δrck-2.
To examine if rhythmic accumulation of P-eEF-2 provides a mechanism to rhythmically control mRNA translation elongation in vivo, we assayed rhythmicity of a GST-3 (encoding GST)::LUC translational fusion in WT and Δrck-2 cells. This gene was chosen based on constitutive gst-3 mRNA accumulation (2) and evidence for rhythms of GST activity in mammalian cells (27) . Consistent with the transcriptome data (2), a gst-3 promoter::luc fusion was constitutively expressed in WT cells (Fig. 5E) . In contrast, GST-3:: LUC protein levels cycled in WT but not in Δrck-2 or Δfrq cells (Fig. 5 E and F and Fig. S7 ), demonstrating that clock signaling through RCK-2 and eEF-2 provides a mechanism to control translation elongation and protein accumulation. However, not all mRNAs are affected by rhythmic accumulation of P-eEF-2. We found that the levels and cycling of the core clock protein FRQ were not altered in Δrck-2 cells (Fig. S8 A and B) .
Discussion
Increasing evidence points to the importance of the circadian clock in controlling mRNA translation, including rhythmic activation of cap-dependent translation factors (6, 7, 28-30), and specific RNA binding proteins that control the translation of core clock genes (31) (32) (33) (34) (35) . Although the initiation of translation has long been considered to be the primary control step in translation (36) , a growing body of evidence points to translation elongation being regulated (37, 38) , with phosphorylation and reduction in activity of eEF-2 being a central point in this control. Here, we showed that the N. crassa circadian clock, through rhythmic control of the OS MAPK pathway and downstream effector protein RCK-2, generates a rhythm in P-eEF-2 levels, peaking in the subjective day. This regulation leads to decreased translation activity and decreased translation elongation rates during the day in vitro.
N. crassa RCK-2 most closely resembles mammalian eEF-2 kinase MAPKAPK2. Similar to RCK-2 in fungi, mammalian MAPKAPK2 activity is controlled by the stress-induced p38 MAPK pathway (39, 40) . MAPKAPK2 phosphorylates and activates eEF-2 kinase (eEF-2K), which in turn phosphorylates and inactivates eEF-2 (41). In mammals, several different signaling pathways converge on eEF-2K to activate or repress its activity and ultimately control the levels of P-eEF-2. In response to environmental stress, hypoxia, and nutrient status, p38 MAPK and mTOR signaling pathways inhibit eEF-2K (42) (43) (44) , whereas AMPkinase and cAMP-dependent protein kinase A signaling activate eEF-2K (45) (46) (47) (48) . N. crassa cells lack an obvious homolog of eEF-2K. Although our data showing that eEF-2 and RCK-2 coimmunoprecipitate in total protein extractions is consistent with a direct interaction between the two proteins, we cannot exclude the possibility that phosphorylation of eEF-2 by RCK-2 may be indirect and mediated through an unidentified kinase that functions similarly to eEF-2K. However, because low levels of P-eEF-2 were observed in Δrck-2, Δos-2, and Δrck-2, Δos-2 double mutants following osmotic stress (Fig. 2C and Fig. S3 ), it appears that RCK-2 is the major pathway leading to phosphorylation of eEF-2, although other kinases, such as AMPK, PKA, and/or TOR pathway-directed kinases, may also have minor roles. Importantly, p38, as well as TOR, AMPK activity, and cAMP levels, are clock-controlled in higher eukaryotes (49) (50) (51) (52) (53) (54) , suggesting that clock control of translation elongation through rhythmic eEF-2 phosphorylation may be conserved. Furthermore, recent studies have shown that eEF-2 levels cycle in abundance in mouse liver (55, 56) ; however, it remains to be determined if rhythms in mammalian eEF-2 levels affect its activity.
Our studies have uncovered a mechanism for circadian clock control of protein abundance through the effects of rhythmic accumulation of P-eEF-2 on protein synthesis. These data lead to additional questions: (i) To what extent does clock control of translation elongation affect rhythmic protein levels, and (ii) what is the advantage of clock control of translation elongation to the organism? Recent ribosome profiling in mammalian cells revealed that ∼10% of mRNAs with rhythmic ribosome occupancy lacked corresponding rhythmic mRNA levels (56, 57) . In the mouse liver, rhythmic ribosome occupancy on ∼500 constitutively accumulating mRNAs was enriched for mRNAs containing 5′-Terminal Oligo Pyrimidine (TOP) tracts, or Translation Initiator of Short 5′-UTR (TISU) elements (58) . The clock controlled the amplitude and phase of ribosome occupancy of TISU-containing mRNAs, whereas rhythmic ribosome occupancy of mRNAs containing TOP elements was primarily controlled by rhythmic feeding. Thus, in mammalian cells, both the circadian clock and feeding cycles can contribute to rhythmic translation of specific mRNAs. Consistent with clock control of eEF-2 activity promoting rhythmic translation of specific mRNAs, rather than providing a mechanism to globally control translation, we show that RCK-2, which is needed for rhythms in P-eEF-2 levels, is not necessary for rhythms in accumulation of the clock protein FRQ (Fig. S7) , whereas rhythms in GST-3 protein levels require RCK-2 (Fig. 5) . Although there may be several ways to achieve specificity, we speculate that a slowdown in translation elongation rate during the day could reduce the expression of mRNAs for which elongation is rate-limiting, whereas the expression of mRNAs for which initiation is rate-limiting would either not be affected or would show relatively increased translation rates as a result of increased availability of initiation factors.
The clock plays a major role in controlling metabolism (59), including energy metabolism (60) and its major currency, ATP (61) (62) (63) . As translation is one of the most energy-demanding processes in the cell, it makes sense to coordinate protein translation to times of day when energy levels are highest. In N. crassa, clock-controlled mRNAs generally peak at two phases, dawn and dusk, with dusk phase enriched for genes involved in ATP-requiring anabolic processes and dawn phase enriched for genes involved in ATP-generating catabolism (1, 2) . Based on our data showing that the levels of P-eEF-2 peak during the day, we predict increased rates of mRNA translation at night, directly following the peak production of ATP during the day, and in coordination with other anabolic processes, including lipid and nucleotide metabolism. In addition, environmental stress to the organism peaks during the day (27) . Linking translation elongation control to stress-induced and clock-controlled MAPK signaling, as well as to nutrient sensing pathways, likely provides an adaptive mechanism to partition the energy-demanding processes of translation to times of the day that are less stressful to the organism.
Materials and Methods
Vegetative growth conditions and crossing protocols were as previously described (15, 64) . Strains used in the study are listed in Table S1 . Protein extraction for Western blotting of FRQ, RCK-2 (65), and eEF-2 (66) were essentially as described. Western blotting using anti-HA primary antibody (#11867423001, Roche Diagnostics), anti-eEF-2 primary antibody (#2332S, Cell Signaling Technology), and rabbit anti-phospho-eEF-2 (Thr56) primary antibody (#2331S, Cell Signaling Technology) was carried out according to the manufacturer's instructions. Separation of RCK-2 forms was accomplished using Phos-tag acrylamide (#300-93523, Wako Chemicals USA, Inc.). Phosphatase treatment (#P0753S, New England Biolabs) and coimmunoprecipitation using GammaBind G Sepharose beads (#17-0885-01, GE Healthcare Bio-Sciences) were as recommended by the manufacturer. In vitro translation of luc mRNA (67, 68) , in vivo luciferase assays (69) , and statistical analysis of rhythmic data (15) were accomplished as previously described. Detailed methods can be found in SI Materials and Methods.
